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Abstract
Recently, the NA61/SHINE experiment at the CERN SPS has extended its pro-
gram on physics of strong interactions by measurements of charm hadron produc-
tion in nucleus-nucleus collisions. This charm program is here briefly summarized.
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1 Introduction
NA61/SHINE is a fixed-target experiment [1] operating at the CERN Super-Proton-
Synchrotron (SPS). The NA61/SHINE Collaboration studies, in particular, properties of
hadron production in nucleus-nucleus collisions. The primary aim is to uncover fea-
tures of the phase transition between confined matter and quark gluon plasma (QGP).
Within the current program, data on p+p, Be+Be, Ar+Sc, Xe+La, and Pb+Pb collisions
at beam momenta in the range 13A-150AGeV/c has been recorded.
This program was recently extended by measurements of charm hadron produc-
tion in nucleus-nucleus collisions. The motivation of the charm program is discussed
in Sec. 2. The current status of the program including the preliminary results of first
data taking campaigns performed in 2016 and 2017 is presented in Sec. 3. The plans
of NA61/SHINE for systematic charm measurements in the years 2021− 2024 are dis-
cussed in Sec. 4.
2 Motivation for the charm program
There are a lot of questions that need to be answered concerning charm production in
nucleus-nucleus collisions. Among them, there are three that motivate charm measure-
ments by NA61/SHINE:
(i) What is the mechanism of charm production?
(ii) How does the onset of deconfinement impact charm production?
(iii) How does the formation of quark gluon plasma impact J/ψ production?
To answer these questions, knowledge on the mean number of charm quark pairs
produced in full phase space in heavy ion collisions, 〈cc〉, is needed. Such data does not
exist yet and NA61/SHINE aims to provide them within the coming years.
2.1 Mechanism of charm production
Figure 1 presents a compilation of predictions provided by dynamical and statistical
models on 〈cc〉 in central Pb+Pb collisions at 158AGeV/c. These predictions are ob-
tained from:
(i) A pQCD-inspired model [2, 3] - charm data independent calculation based on
model assumptions and nucleon pdfs only.
(ii) The Hadron String Dynamics (HSD) model [4] - a pQCD-inspired extrapolation of
p+p data.
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(iii) The Hadron Resonance Gas model (HRG) [5] - a calculation of equilibrium yields
of charm hadrons assuming parameters of a hadron resonance gas fitted to mean
multiplicities of light hadrons.
(iv) The Statistical Quark Coalescence model [5] - the mean number of 〈cc〉 pairs is
calculated using the measured 〈J/ψ〉multiplicity [6] and the probability of a single
cc pair hadronization into 〈J/ψ〉 calculated within the model.
(v) The Dynamical Quark Coalescence model [7] - the mean number of 〈cc〉 pairs is
calculated using the measured 〈J/ψ〉multiplicity [6] and the probability of a single
cc pair hadronization into 〈J/ψ〉 calculated within the model.
(vi) The Statistical Model of the Early Stage (SMES) [8] - the mean number of charm
quarks is calculated assuming an equilibrium QGP at the early stage of the colli-
sion.
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Figure 1: Mean multiplicity of charm quark pairs produced in the full phase space
in central Pb+Pb collisions at 158AGeV/c calculated with dynamical models (blue
bars): pQCD-inspired [2, 3], HSD [4], and Dynamical Quark Coalescence [7], as well
as statistical models (green bars): HRG [5], Statistical Quark Coalescence [5], and
SMES [8].
The predictions of the models on 〈cc〉 differ by about two orders of magnitude.
Therefore, obtaining precise data on 〈cc〉 is expected to allow to narrow the spectrum of
viable theoretical models and thus learn about the charm quark and hadron production
mechanisms.
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2.2 Charm production as a signal of onset of deconfinement
The production of charm is expected to be different in confined and deconfined mat-
ter. This is caused by different properties of charm carriers in these phases. In confined
matter the lightest charm carriers are D mesons, whereas in deconfined matter the car-
riers are charm quarks. Production of a DD pair (2mD = 3.7 GeV) requires energy
about 1 GeV higher than production of a cc pair (2mc = 2.6 GeV). The effective number
of degrees of freedom of charm hadrons and charm quarks is similar [9]. Thus, more
abundant charm production is expected in deconfined than in confined matter. Conse-
quently, in analogy to strangeness [8, 10], a change of collision energy dependence of
〈cc〉may be a signal of onset of deconfinement.
Figures 2 and 3 present collision energy dependence of charm production in central
Pb+Pb collisions at 150AGeV/c predicted by two very different models: the Statistical
Model of the Early Stage 2 [9] and a pQCD-inspired model [11], respectively.
Figure 2 shows the energy dependence of 〈cc〉 predicted by the Statistical Model of
the Early Stage. According to this model, when crossing the phase transition energy
range (
√
sNN = 7− 11 GeV), an enhancement of 〈cc〉 production should be observed.
At 150AGeV/c (
√
sNN = 16.7 GeV) an enhancement by a factor of about 4 is expected.
Figure 2: Energy dependence of 〈cc〉 in central Pb+Pb collisions calculated within
the SMES model [9, 12]. The blue line corresponds to confined, the purple line to
mixed phase, and the red line to deconfined matter. The dashed line presents the
prediction without a phase transition.
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Figure 3: Energy dependence of the ratio of 〈cc〉 in deconfined and confined matter
in central Pb+Pb collisions calculated within the pQCD-inspired model of Ref. [11].
Figure 3 shows the ratio of mean multiplicity of cc pairs in deconfined and confined
matter. Both numerator and denominator were calculated at the same collision energy.
At 150AGeV/c (
√
sNN = 16.7 GeV) an enhancement by a factor of about 3 is predicted.
Accurate experimental results will allow to test these predictions.
2.3 J/ψ production as a signal of deconfinement
Suppresion of the production of J/ψ mesons in central Pb+Pb collisions at 158AGeV/c
was an important argument for the CERN announcement of the discovery of a new
state of matter [13]. Within the Matsui-Satz model [14] the suppression is supposed to
be caused by the formation of the QGP.
Figure 4 presents two scenarios of charmonium production. In the first case (Fig. 4
(left)), a produced cc pair hadronizes in a vacuum – this corresponds to a p+p interac-
tion. Open charm and charmonia are produced in vacuum with a certain probability,
at high collision energies typically 10% of cc pairs form charmonia and 90% appear in
charm hadrons.
The second scenario is presented in Fig. 4 (right). Here the cc pair forms a pre-
charmonium state in the quark gluon plasma. Due to the color screening, which may
lead to disintegration of this state, the probability of charmonium production is supp-
resed in favor of open charm production.
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Figure 4: Sketch of the J/ψ production mechanism and its relation to cc production
in p+p interactions (left) and central heavy ion collisions (right) [15].
The probability of a cc pair hadronizing to J/ψ is defined as:
P (cc → J/ψ) ≡ 〈J/ψ〉〈cc〉 ≡
σJ/ψ
σcc
. (1)
To be able to calculate this probability, one needs data on both J/ψ and cc yields
in the full phase space. At the CERN SPS precise 〈J/ψ〉 data was provided by the
NA38 [16], NA50 [6], and NA60 [17] experiments, while 〈cc〉 data is not available at
the CERN SPS up to now.
The problem of the lack of the 〈cc〉 data was worked around [6,14] by assuming that
the mean multiplicity of cc pairs is proportional to the mean multiplicity of Drell-Yan
pairs: 〈cc〉 ∼ 〈DY〉.
Figure 5: The ratio of σJ/ψ/σDY as a function of transverse energy in Pb+Pb collisions
at 158AGeV measured by NA50. The curve represents the J/ψ suppression due to
ordinary nuclear absorption [6].
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Figure 5 shows the result from the NA50 experiment [6] that was interpreted, bas-
ing on this assumption, as an evidence for QGP creation in central Pb+Pb collisions at
158AGeV. However, the assumption 〈cc〉 ∼ 〈DY〉may be incorrect due to many effects,
such as shadowing or parton energy losses [18].
This clearly shows a need for precise data on 〈cc〉. NA61/SHINE has recently started
such measurements.
3 First measurements of open charm in NA61/SHINE
Precise measurements of charm hadron production by NA61/SHINE should be per-
formed in 2021-2024. The related preparations have started already. In 2015 and 2016,
a Small Acceptance Vertex Detector was constructed and the first measurements of open
charm has been started in 2016.
3.1 Small Acceptance Vertex Detector
Primary beam: ions at 150A GeV/c
Target
Secondary
Vertex
Primary
Vertex
𝐾
𝜋
𝜋
𝐾
4.9 cm
Station 2
Station 1
𝐷0
0.1 cm
Figure 6: Schematics of reconstruction of a D0 → pi+ + K− decay with help of a ver-
tex detector.
Starting the open charm program required construction of a new high-resolution
vertex detector. Its role in measurements of charm hadrons is schematically shown in
Fig. 6.
This measurement is challenging due to the short mean lifetime of charm hadrons
and the relatively low branching ratios into reconstructable decay channels. Table 1
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presents properties of the more frequently produced charm hadrons relevant to their
measurement.
Table 1: The most frequently produced charm hadrons: their mass, mean life time,
and best suited decay channels for measurements are shown.
Hadron Decay channel cτ¯ [µm] BR
D0 pi+ + K− 123 3.89%
D+ pi+ + pi+K− 312 9.22%
D+s pi
+ + K− + K+ 150 5.50%
Λc p + pi
+ + K− 60 5.00%
A big upside of NA61/SHINE is the fact, that this is a fixed-target experiment. Due
to the Lorenz boost (βγ ≈ 10 at midrapidity and pT ≈ 0), the average separation be-
tween the primary and the decay vertices of D0 mesons is about 1 mm. This makes the
measurement significantly easier than in the case of collider experiments. In addition,
due to the fact that magnetic field is perpendicular to the beam direction (unlike in a
typical collider experiment, where it is parallel to the beam direction), the acceptance
extends to pT = 0.
For the measurement of D0 mesons, the Small Acceptance Vertex Detector (SAVD)
was added to the NA61/SHINE detector in October 2016. It’s location in the NA61/
SHINE detector is shown in Fig. 7.
The SAVD was built using sixteen CMOS MIMOSA-26 sensors [19]. The basic sensor
properties are:
(i) 18.4× 18.4 µm2 pixels,
(ii) 115 µs time resolution,
(iii) 10× 20 mm2 surface, 0.66 MPixel,
(iv) 50 µm thick.
The estimated material budget per layer is 0.3% of the radiation length.
The sensors were glued to eight ALICE ITS ladders [20], which were mounted on
two horizontally movable arms and spaced by 5 cm along the z (beam) direction. The
detector box was filled with He (to reduce beam-gas interactions) and contained an
integrated target holder to avoid unwanted material and multiple coulomb scattering
between target and detector.
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Figure 7: Schematic layout of the NA61/SHINE experiment at the CERN SPS (hor-
izontal cut in the beam plane, not to scale). The beam and trigger counter config-
uration used for data taking on Pb+Pb collisions in 2016 is presented. The chosen
right-handed coordinate system is shown on the plot. The incoming beam direction
is along the z axis. The Small Acceptance Vertex Detector together with the integrated
target station is located upstream of the VTPC-1.
The simulations of SAVD performance using the AMPT physics input [21] has shown
that about 4% [22] of all D0 → pi+ + K− decays will be reconstructed and accepted by
the analysis cuts. Figure 8 shows the phase space coverage which the SAVD provides.
Figure 8: The AMPT model simulation of transverse momentum and rapidity distri-
butions of D0 mesons produced central Pb+Pb collisions at 150AGeV/c correspond-
ing to 4 · 106 events. Left: all produced D0 mesons. Right: D0 mesons fulfilling the
following criteria: decay into D0 → pi+ + K−, both decay products registered by the
SAVD, and passing background suppression and quality cuts [22].
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3.2 Test data taking in 2016: Pb+Pb central collisions at 150AGeV/c
The SAVD was used in December 2016 during a Pb+Pb test run. Data on central Pb+Pb
collisions at 150AGeV/c were collected. Using these data, the following was demon-
strated:
(i) tracking in a large track multiplicity environment,
(ii) precise primary vertex reconstruction,
(iii) TPC and SAVD track matching,
(iv) feasibility to search for the D0 and D0 signals.
Based on these data, the spatial resolution of the SAVD was determined. Cluster
position resolution is σx,y(Cl) ≈ 5 µm and primary vertex resolution in the transverse
plane is σx(PV) ≈ 5 µm, σy(PV) ≈ 1.8 µm2, and along the beam direction is σz(PV) ≈
30 µm for a typical multiplicity of events recorded in 2016. Primary vertex resolution of
30 µm is sufficient to perform the search for the D0 and D0 signals. Figure 9 shows the
first indication of a D0 and D0 peak obtained using the data collected during the Pb+Pb
run in 2016.
Figure 9: The invariant mass distribution of D0 and D0 candidates in central Pb+Pb
collisions at 150AGeV/c after the background suppression cuts. The particle identifi-
cation capability of NA61/SHINE was not used at this stage of the analysis [22].
2σx(PV) > σy(PV) because By  Bx
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3.3 Data taking in 2017 and 2018
Successful performance of the SAVD in 2016 led to the decision to also use it during
the Xe+La data taking in 2017. About 5 · 106 events on central Xe+La collisions at
150AGeV/c were collected in October and November 2017.
To get a first estimate of the number of D0 and D0 decays that can be reconstructed in
this data set, simulations for Pb+Pb collisions and p-QCD inspired system size depen-
dence were combined. Based on these simulations, one expects to reconstruct several
hundred of D0 and D0 decays. This would be in itself an important physics result.
Moreover, one could combine this measurements with published results on J/ψ
production. The NA60 experiment [17] measured J/ψ production in In+In collisions
(Fig. 10), which is a system of similar size as Xe+La. This combination of the NA60 data
on J/ψ and the NA61/SHINE results on open charm could already challenge theoretical
models.
Figure 10: The invariant mass distribution of µ+µ− pairs produced in In+In collisions
at 158AGeV/c showing a strong peak due to J/ψ decays [17].
The SAVD is also planned to be used during three weeks of the Pb+Pb data taking
in 2018 (recommended by the CERN SPS Committee in October 2017). About 1 · 107
central collisions should be recorded and 4000 D0 and D0 decays can be expected to be
reconstructed in this data set. The expected signal to background ratio is about 2.6 with
realistic PID.
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4 Systematic studies of charm by NA61/SHINE
Precise open charm measurements in NA61/SHINE are planned for the years 2021-
2024. They will include measurements in central Pb+Pb collisions at 40AGeV/c and
150AGeV/c, in mid-central and peripheral Pb+Pb collisions at 150AGeV/c, and recon-
struction of decays of various open charm mesons (see Table 1).
4.1 NA61/SHINE upgrades
During the Long Shutdown 2 at CERN (2019-2020), a significant upgrade of the NA61/
SHINE spectrometer is planned (Fig. 11), in order to allow precise charm measure-
ments.
Figure 11: Upgrades of NA61/SHINE planned to be completed during the LS2 pe-
riod.
The most important upgrade from the open charm point of view is the construc-
tion of a new vertex detector: the Large Acceptance Vertex Detector (LAVD). Also, for
obtaining higher data rate (1 kHz) the TPC electronics will be replaced and a new trig-
ger and data acquisition system will be built. An upgrade of the Projectile Spectator
Detector will also be performed to cope with the higher beam intensity expected to be
delivered after LS2. Finally, new ToF detectors are planned to be constructed to improve
particle identification at mid-rapidity.
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4.2 Large Acceptance Vertex Detector
To improve the quality of open charm measurement, the Large Acceptance Vertex De-
tector will replace the existing SAVD detector. The LAVD will be constructed using
technology developed for the ALICE ITS: CMOS ALPIDE pixel sensors, carbon fiber
support structures, and read-out electronics [23]. Basic properties of the ALPIDE sen-
sors are: 28 × 28 µm pixels, less than 10 µs time resolution, 15 × 30 mm2 surface, 0.5
MPixel, and 50 µm thickness.
The estimated material budget per layer is 0.3% of the radiation length. The detector
will consists of 4 stations. The transverse dimensions of the stations are: 2× 4 cm2 for
the first station, 4× 8 cm2 for the second, 6× 12 cm2 for the third, and 8× 16 cm2 for the
fourth station. Each station has a square beam hole of (3× 3 mm2) in the center. The
LAVD area will be covered by 126 sensors.
The beam request related to the open charm measurements in 2022-2024 is shown in
Table 2.
Table 2: The NA61/SHINE beam request related to the charm program.
Year Beam Duration Purpose D0 + D0 stat.
2021 p at 150AGeV/c 4 weeks detector commissioning and tests
2022 Pb at 150AGeV/c 2 weeks charm in central collisions 40k
2022 Pb at 150AGeV/c 4 weeks charm in peripheral collisions 8k
2023 Pb at 150AGeV/c 2 weeks charm in mid-central collisions 20k
2024 Pb at 40AGeV/c 4 weeks charm in central collisions 2k
With the upgraded NA61/SHINE spectrometer, one expects that during two weeks
of data taking in 2022, 4 · 107 central Pb+Pb collisions at 150AGeV/c will be collected
and 4 · 104 D0 and D0 decays will be reconstructed.
The expected high statistics of reconstructed D0 and D0 decays is due to the high
event rate and the large acceptance of the LAVD. Its acceptance will be about 12% (three
times better than for the SAVD) of all the D0 in the pi+ + K− decay channel. Moreover,
based on AMPT simulations one estimates that fully corrected results will correspond
to more than 90% of the D0 and D0 yield (see Fig. 12). Total systematic uncertainty of
〈D0〉 and 〈D0〉 is expected to be about 10%.
4.3 Charm program: anticipated results
The data obtained by NA61/SHINE should lead to unique and important results on
charm production in heavy ion collisions.
Figure 13 presents a compilation of present and future facilities and their region
of coverage in the phase diagram of strongly interacting matter. Their capability to
measure charm hadrons is summarized below:
15
Figure 12: The AMPT simulation of transverse momentum and rapidity distributions
of D0 mesons produced in central Pb+Pb collisions at 150AGeV/c corresponding to
4 · 106 events. Left: all produced D0 mesons. Right: D0 mesons fulfilling the following
criteria: decay into D0 → pi+ + K−, decay products registered by the LAVD, and
passing background suppression and quality cuts [22].
Figure 13: Present (red) and future (green) heavy ion facilities in the phase diagram
of strongly interacting matter.
(i) LHC and RHIC at high energies (
√
sNN & 200 GeV): measurements of open charm
is performed in limited acceptance; this is due to the collider kinematics and re-
lated to the detector geometry [24–27].
(ii) RHIC BES collider (
√
sNN = 7.7− 39 GeV): measurement not considered in the
current program, this may be likely due to difficulties related to collider geometry
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and kinematics as well as the low charm production cross-section [28, 29].
(iii) RHIC BES fixed-target (
√
sNN = 3− 7.7 GeV): not considered in the current pro-
gram [30].
(iv) NICA (
√
sNN < 11 GeV): measurements during the stage 2 (after 2023) are under
consideration [31, 32].
(v) J-PARC-HI (
√
sNN . 6 GeV): under consideration, may be possible after 2025 [33,
34].
(vi) FAIR SIS-100 (
√
sNN . 5 GeV): not possible due to the very low cross-section
at SIS-100, systematic charm measurements are planned with SIS-300 (
√
sNN .
7 GeV) which is agreed-on part of FAIR, but not of the start version (timeline is
unclear) [35, 36].
The conclusion is that only NA61/SHINE is able to measure open charm production
in heavy ion collisions in full phase space in the near future.
Having this data, one can try to answer the motivating questions.
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Figure 14: Mean multiplicity of charm quark pairs produced in central Pb+Pb col-
lisions at 158AGeV/c calculated within dynamical models (blue bars) and statistical
models (green bars). The width of the red band, at the location assuming HSD pre-
dictions, indicates the accuracy of the NA61 2020+ result.
Figure 14 shows a foreseen accuracy of NA61/SHINE data on mean charm multi-
plicity in reference to charm production models (see Sec. 2 for details). The red band
17
indicates the foreseen accuracy of NA61/SHINE result on the charm yield assuming
the yield prediction of the HSD model [4]. With that accuracy it should be possible to
exclude most of the current models.
Figure 15: Energy dependence of 〈cc〉 in central Pb+Pb collisions calculated within
the SMES model. The red bars indicate the accuracy of NA61 2020+ results for two
energies: 40AGeV/c (
√
sNN = 8.6 GeV) and 150AGeV/c (
√
sNN = 16.7 GeV), assum-
ing the SMES yields [8].
Figure 15 shows a foreseen accuracy of NA61/SHINE data on 〈cc〉 in reference to
SMES predictions (see Sec. 2 for details). Red bars indicate the foreseen accuracy of
the NA61/SHINE result on charm multiplicity for energies included in the proposed
NA61/SHINE charm studies: 40AGeV/c (
√
sNN = 8.6 GeV) and 150AGeV/c (
√
sNN =
16.7 GeV) . These points would be a start of confronting model predictions on collision
energy dependence, but measurements at more energies are necessary. In the future,
this can be performed at J-PARC-HI and FAIR SIS-300.
Figure 16 shows a foreseen accuracy of NA61/SHINE data on charm in reference to
J/ψ suppression (see Sec. 2 for details). The red bars indicate the foreseen accuracy of
the σJ/ψ/σcc result that was made assuming σcc ∼ σpi. One will be able to distinguish
between two extreme scenarios: 〈cc〉 ∼ 〈DY〉 or 〈cc〉 ∼ 〈pi〉.
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Figure 16: The ratio of σJ/ψ/σDY (left) and σJ/ψ/σpi (right) as a function of trans-
verse energy in Pb+Pb collisions at 158AGeV. The σJ/ψ/σDY ratio was measured
by NA50 [6] and it was used to calculate the σJ/ψ/σpi ratio in Ref. [37]. Red bars mark
the σJ/ψ/σcc accuracy of the NA61 2020+ result assuming σcc ∼ σpi and scaling to
σJ/ψ/σDY for peripheral collisions.
5 Summary
NA61/SHINE has started measurements of open charm production in 2017 with data
taking on Xe+La collisions at 150AGeV/c. The measurements in central Pb+Pb collisions
at 150AGeV/c will be performed in 2018. This has been possible due to an implemen-
tation of the silicon pixel Vertex Detector. During the Long Shutdown 2, NA61/SHINE
plans to construct the Large Acceptance Vertex Detector and increase the data taking
rate by a factor of 10, to 1 kHz.
This will allow to collect high statistics data on open charm hadron production in
central Pb+Pb collisions at 150AGeV/c and 40AGeV/c and centrality selected Pb+Pb
collisions at 150AGeV/c. The results are expected to:
(i) distinguish between many existing models of open charm production in Pb+Pb
collisions,
(ii) initiate a measurement of collision energy dependence of open charm yield, which
may lead to an observation of open charm signal of the onset of deconfinement,
(iii) verify J/ψ signal of the QGP formation by measurements of centrality dependence
of charm production.
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